The physical principle that governs how ships are moored to a port has changed little over the years. Nevertheless, in recent decades, there have been developments in maritime transport towards increased vessel dimensions and operations in specialist terminals. These trends mean that offshore ports and mooring systems have to face more challenging conditions in terms of the waves, wind and drift current. At the same time, pier side port loading and unloading systems place demands on the mooring system, which must immobilise ships better. In this situation, the mooring system's own equipment, such as lines, deck fittings and mooring winches, must also evolve to work alongside new port devices. It is also necessary to point out that changes in mooring will take place in subsequent years. These innovations in attaching the ship to the pier will be highlighted here as they mark a significant change in mooring and pier components.
Traditionally the ship mooring system (SSM) has relied on an arrangement of mooring lines that attach the vessel to shore. Also used are on-board fittings, including chocks-fairlead, pedestal rollers and bitt -bollards (Fig. 1) . A third consideration is the deck machinery that operates the lines: mooring winches. Over time, novel systems of mooring (NSM) have come into play, by applying alternative physical principles to join the ship to the quay. These provide a glimpse of how current systems will evolve in the future (Villa, 2015) . All of the mooring system's components are determined by vessel type and size, as are other aspects of the project. They are also influenced by regulations applied to each case and by the rules from the classification society chosen by the ship-owner. Nevertheless, Classification Societies (CS) vary significantly in how they deal with the operation and design of mooring system´s components (Carral et al., 2015c) .
The International Association of Classification Societies (IACS) in part harmonise CS requirements for mooring, anchoring and towing ships in its "Requirements concerning mooring, anchoring and towing" (IACS, 2007a). However, this document only specifies the number of equipment units. The association has not produced a document to harmonise design requirements for the equipment that operates the mooring lines: the mooring winches (Carral et al., 2015c) . IACS URA2 -"Shipboard fittings and supporting hull structures associated with towing and mooring on conventional vessels" (IACS, 2007b) has unified CS standards for designing and building mooring fittings. It is up to flag states, governing states of the ports, ship-owners and loaders to create the regulation framework that makes it possible for the ship to operate safely. Inside this framework for ship safety, the states will act in two ways. Firstly, their own regulations, such as ISO or UNE standards, come into play. Moreover, international agreements like the OMI or OIT are also adopted (Carral et al., 2015a) . For their part, ship-owners and loaders add a further dimension as they fulfil their own requirements. Among the bodies that establish their own guidelines are the Oil Companies International Marine Forum (OCIMF) and International Gas Terminal Tanker and Operators (SIGTTO). A further influence comes from the rules made by the classification society that ship-owners have selected for their ships. The implementing regulations for mooring systems that come from all these regulatory bodied have been provided in a study (Carral et al., 2015c) .
The ISO represents regulatory bodies in more than 156 countries, including many from Europe. It has developed its implementing standards to the case under study through the ISO -TC 8 Technical Committee on Shipbuilding and Marine Structures. ISO 3730 (2012) "Shipbuilding -Mooring Winches" for designing and testing the mooring winches cites rules related to winch components and other mooring system elements. All of these are important references in this study.
Currently other, related implementing regulations on deck fittings exist: "Welded Steel bollards and to ropes and cables" (ISO 3913, 1980) ; "Steel wire ropes" (ISO 2408 (ISO , 2004 ; "Fibre ropes" (ISO 1141, 2012); and EN 14687, 14686, 14685, 14684. It is necessary to emphasise that, at the time of publication, there are no national or international standards that specify the minimum strengths for high modulus, synthetic lines.
The Oil Companies International Marine Forum (OCIMF), whose main mission is to promote marine safety by means of responsible development for tankers and terminals, has established in its "Mooring Equipment Guidelines -MEG3", what it takes for mooring systems to be safe (OCIMF, 2008).
Good mooring principles
A ship's mooring system will always have to resist forces produced by wind, currents and surges from passing vessels (Remery, 1974; Lee, 2015) as well as the effects of waves and swells (Bowers,1975; Papanikolaou, 1985) . At the same time, under all kinds of mooring, it is also necessary to take into account factors like vessel type and size, the characteristics and disposition of its mooring system and terminal and, finally, the physical conditions of the port (Schelfn and Östergaard, 1995) .
In the past, the only way to carry out accurate estimates on ship movement and the loads acting on mooring ropes was by performing costly tests with scale models. In recent decades, numerical methods based on simplifications (Table 1 ) have become available due to increased calculation power. Moreover, it has become possible to develop mathematical models suitable for calculating moored ship motions (Van Oortmerssen, 1976; Seidi et al., 1981; Roberts, 1981; Schellin et al., 1982; Fylling and Andersson, 1988) Any method for defining design requisites has to envisage how the mooring system is arranged. In other words, it has to take into account the elasticity of the mooring lines and how the moored ship is subject to the action of the wind, currents and forces of the waves. In this way, the designer can choose and position mooring equipment and fittings on board and along the quay. Static calculation methods are used on mooring systems, as proposed by Natarajan and Ganapathy (1995) , OCIMF (1994), Aamo and Fossen (2000) and OCIMF (2008).
Villa-Caro, R., Carral, J.C, Fraguela, J.A.
A review of ship mooring systems López, M., Carral, L. Design is informed by the factors of wind action, so that one considers changes in intensity and the longitudinal or transverse angle of incidence. Maximum current is also important: the effect of the ship's draught interacting with under keel water clearance (OCIMF, 2008) . In any case, by taking into account the effect due to wind and maximum current, as indicated in Schelfn and Östergaard, (1995) , one can also deal with other factors.
Aerodynamic studies will have to be reviewed (OCIMF, 1994; OCIMF 2008; Paulauskas et al., 2009) . From the results obtained in wind tunnels for different types of ships, it will be possible to determine the application coefficients in every case studied. First-order ship responses at wave frequencies are modelled as linear responses to harmonic waves using response functions due to waves of unit amplitude (transfer functions) for the six degree of freedom motions of the ship. Effects of the linearised stiffness of the mooring system can be accounted for. 2 Low-frequency ship motions in surge, sway and yaw are not affected by first-order ship motions. They are modelled as responses to wind, current and wave drift forces acting on the moored ship.
3 To obtain total response, first-order (high-frequency) response is combined with low-frequency response using an appropriate method.
4
Dynamic behaviour of mooring lines and fenders does not significantly affect motions of the moored ship. Consequently, mooring forces are determined from the instantaneous position of the fairleads and from load-deflection characteristics of mooring lines and fenders.
From these proposals, a set of rules can be created to represent mooring principles. Table 2 includes the characteristics that must be respected in the mooring lines in terms of angles, materials and length. Table 3 outlines the properties that the mooring arrangement must have to with the different components involved. Breast lines Orientation perpendicular to the amidships line and positioned as far as possible from forward and aft.
Springs
As parallel as possible to the amidships line.
Head and stern lines Positioned along forward and aft with the same length as the rest.
Angles
Maintained within low values.
Tails
With steel line, synthetic tails facilitate handling and elasticity. All of the same length.
Material
The same material and class.
Length
The same length between the mooring winches and the bollard on shore.
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Mooring analyses
The ship and its mooring system constitute an integrated system that share a dynamic response to environmental loads. However, a mooring system designed to counteract wind and tidal stream action could also do so with wave forces. This is supported by the fact that the static analysis method is frequently sufficient for determining how many mooring lines are needed (Schelfn and Östergaard, 1995) . For instance, the OCIMF has met these design conditions at many port terminals worldwide (OCIMF, 2008) . Nonetheless, when waves are the dominant action, to carry out a static analysis makes no sense and a dynamic analysis is needed instead (Nakajima et al., 1982; Natarajan and Ganapathy, 1995) .
Over recent decades, there have been two trends in sea transport. On the one hand, vessels have grown in size, while the offshore terminals built in deeper waters to accommodate them are more exposed to swells (Paulauskas et al., 2009; Stopford, 2009 ). On the other hand, large ship motions along the horizontal plane -that is, surge, sway, and yawcan occur at sheltered ports in the absence of higher waves (Shiraishi et al., 1999) . The latter is related to resonant processes associated with low-frequency waves, also known as infragravity or long waves. The infragravity waves have periods in the order of minutes and, therefore, can match the natural periods of moored ships and/or harbours (Kubo et On these grounds, the efficiency of a mooring system should be assessed in terms of its ability to restrain ship motions (Shiraishi et al., 1999) . Moreover, it is important for motion criteria to be suitably defined by considering port requirements or the reference values for safe working conditions found in literature on different vessels and port operations (Elzinga et al., 1992; López and Iglesias, 2014) . Nonetheless, defining how a moored ship will respond to wave action is not a straightforward task. This can be explained by dynamic coupling with the mooring system and the nonlinearities associated with resonant processes (Low and Langley, 2008) .
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As a first step in analysing the performance of a mooring system, the wave conditions at berth should be determined (Van der Molen and Moes, 2009; Sakakibara and Kubo, 2008a) . With this aim, pressure or acoustic sensors can be deployed in the area of interest to obtain the time series of surface elevation. Alternatively, wave propagation numerical models can be used with an accurate description of the harbour and the corresponding bathymetry as inputs. However, numerical approaches should offer the possibility of reproducing phenomena such as diffraction, refraction and reflection, as well as nonlinearities associated with resonance and long waves (Van der Molen and Wenneker, 2008). The most common models involve solving Boussinesq equations (Dong et al., 2013) , elliptic mild-slope equations (Bellotti, 2007) or nonlinear shallow water equations (Van Vledder and Zijlema, 2014). Recently, new techniques based on artificial intelligence have also been proposed to estimate wave conditions at berth (López et al. 2015) .
Once wave loads have been defined, the interaction of the ship with the incident waves is evaluated by considering the effects of the mooring system. This can be achieved with both numerical and physical models. Thanks to the improved performance of computers and recent theoretical advances in the field, numerical models have gained force in recent years (Sasa and Incecik, 2014) . Nonetheless, physical models are still deemed one of the most reliable tools in studying the behaviour of moored ships in harbours; they are needed to calibrate or/and validate numerical models (Pessoa et al., 2015; Rosa-Santos et al., 2014).
Other methods are still under development. However, the most advanced numerical techniques solve ship-wave interactions with a two stage procedure based on potential flow theory (Hirdaris et al., 2014) . First, hydrodynamic coefficients are calculated by means of linear frequency-domain methods, known as panel models (Lee and Newman, 2005) . The second step involves simulating the behaviour of the moored ship in the time domain frame by applying the impulse response technique (Cummins, 1962) . At this stage, the external forces due to the mooring lines and fenders can be introduced into the dynamic system (Kwak and Pyun, 2013) .
Stiffness, friction and damping parameters can be used to model the compression action of the fenders. However, if reference values are unavailable, friction and damping will be neglected (Pessoa et al., 2015) . Fender systems must withstand large loads during berthing. These loads have commonly been calculated with deterministic methods. More recent and sophisticated methodologies include: statistical procedures (Ueda et al., 2001 ), the Quick Fender Selection Method or the finite element method (FEM) (Jiang and Gu, 2010) .
The traditional methodology for analysing mooring lines is done separately from the ship motion analysis. This approach calculates vessel motions using simplified representations or scalar coefficients of the mooring lines. The vessel motions then serve as inputs for the FEM; each line in the mooring arrangement can be analysed in isolation and different materials can be explored. However, this methodology presents several shortcomings, especially when underwater elements and deep water conditions are involved (Ormberg and Larsen, 1998) 
Mooring equipment

Mooring lines
Taking the action of forces produced on the ship as a starting point, the mooring system distributes the forces along the mooring lines. These forces are transmitted to the fixed elements of the terminal. The effectiveness of each will depend on the vertical and horizontal angles that make up the mooring line and that will have to present the lowest possible value (OCIMF, 2008) The elasticity of a mooring line will depend on factors like the material, as well as its diameter and length. For this reason, between two mooring lines that present different flexible capacity and undergo identical working conditions, the one with the highest diameter and shortest length will, in the end, be subjected to the greatest effort (Schelfn and Östergaard, 1995) .
Material is a crucial decision considering the extreme environmental conditions that the ship has to withstand when safe mooring is carried out (OCIMF, 2008; Aamo and Fossen, 2000) . A load value will be obtained for this mooring rope: SWL (safe working load). With the corresponding safety factor (SF) playing a role, the MBL (minimum breaking load) can be determined (Table 4) . At this point it is necessary to take into account the material to be used for the mooring rope and therefore define the appropriate rope diameter (OCIMF, 2008) . Moreover, the material will influence the diameter of the winch drum and the space needed for the manoeuvre, in addition to the type and curvature radius of the chocks, Panama-type fairlead, pedestal rollers and fairleads (Schelfn and Östergaard, 1995) .
Low stretch ropes are made of steel cables or synthetic materials, like high modulus polyethylene (HMPE). Using this second option has many advantages and is therefore ideal for larger sized vessels in which high loads are involved. (1) Highest load calculated for adopted standard environmental criteria Villa-Caro, R., Carral, J.C, Fraguela, J.A.
On the other hand, synthetic lines with high elasticity will be used in smaller sized ships where the presence of loads of lower value means that other criteria come to the fore. Among these criteria are ease of use, lower cost and the interchangeability with other lines (OCIMF, 2008) The steel line and HMPE (low stretch ropes) ones usually have at their ends a small length of synthetic rope, called a pennant or tail. These have many positive points. Tails provide elasticity to the line, are easier for dock crew to handle and make it possible to connect with the bollard and thus protect the main material from abrasion. Their use and the way they are attached to the main mooring rope have been studied in Carral et al. (2016) and Schelfn and Östergaard (1995) 
Mooring winches
In the mooring manoeuvre, winches play a vital role. They have to fulfil a dual purpose: handling the mooring lines during the manoeuvre and, after that, keeping them in a suitable place when the ship is in port. The mooring system of the ship has to be adapted when its displacement is altered, or in response to changes in tide or current conditions. The manoeuvre can be done by means of continuous manual adjustments to every rope, or automatically with constant tension winches. In contrast with conventional winches, constant tension winches automatically maintain the tension of the mooring line, in a preset value (Table 5) . If during the operation the line exceeds a certain value, its drum turns in order to render more line. When the tension decreases, the line is recovered and a fixed tension is reached. Table 5 (Fig. 3 and Fig. 4 ). Hydraulic power uses pressure to work the winch, a simple way to control the tension on the mooring line. By means of the pressure sensor, there is a pressure change in the fluid that circulates between the pump and the hydraulic engine. This change corresponds in a linear manner with another in the traction force that the equipment exerts on the mooring line. Source: author's own 4.2.1. Operation
The two most common power systems for mooring winches are electrical and hydraulic ( Fig. 5 and 6 ). Hydraulic engines withstand a wide range of speed changes so that a constant torque is maintained. These engines may be slow and have radial pistons or work at a higher speed and have axial pistons. The pistons in the former are commonly used with direct transmission, while those in the latter are coupled by means of a differential (Carral et al., 2015c ).
132 Alternating current engines are more economical, easy to install and of low maintenance. However, they always have to be installed along with a differential. When less power is needed, the economic option is asynchronous, alternating current squirrel cage rotary engines with four poles. When larger engines are needed, a more suitable choice is one with six or eight poles. The choice depends on the cost of combining differential and electrical power. Whenever a constant speed is required, then it is necessary to use hydraulic transmissions with a variable flow pump and possibly variable engine, electrical engines with frequency converter (Carral et al., 2015c) or permanent magnet engines (Lamas et al., 2016). However, one disadvantage remains: the lower efficiency of hydraulic power (Fig. 7, Table 11 ). The data that are necessary for defining the winch are provided in the reference (Table 6 ) (Carral et al., 2013) , and these include the type of work that the winch will carry out, traction, and the rope length it needs to stow. Other data are sometimes provided to supplement basic information: type of engine desired for the operation, diameter of the end to be used, render and recovery speeds, braking capacity, the dimensions and type of drum and, lastly, the type of differential. This procedure first involves knowing the traction or nominal pull. With these data it is possible to consider the material. The value for the rope diameter and the nominal speed can be obtained from the contents in ISO and MEG 3 (ISO, 2012; OCIMF, 2008) . This information in turn (Carral et al., 2016 ) lets one determine the dimensions for the warping end and drum, the type of power and reduction ratio, the power of the winches and the brake's dimensions.
Dimensions of the drum
The ideal drum will meet the basic requirement of storing the entire length of cable or rope that is envisaged. It also fulfils the following conditions (Carral et al., 2015c) : the mooring rope is not damaged on being coiled, the linear speed of the rendered and recovered cable is kept constant, and that (drum) which in accordance with the drum size, the final dimensions of the mooring winch are reduced).
Complying with these three conditions simultaneously is impossible. It will therefore be necessary to establish a priority list. To minimise the losses that the mooring rope incurs during operation, drums have to be made with cores of a large diameter. On the other hand, if the aim is for the mooring rope to obtain a constant linear speed, it will have to be wound in only one layer. This will make it necessary to produce very wide drums and will affect the dimensions of the winches (Carral et al., 2015c) .
ISO and MEG 3 (ISO, 2012; OCIMF 2008) distinguish between two types of drums: single and split. In the first type, the entire rope is reeled into a single chamber, so that the load and linear speed vary from layer to layer (Fig. 8) . In the second type, the drum is split
into a load or working space and another one for stowage by means of an intermediate element. In the load space, the rope is reeled into one layer, so that a constant speed and load are maintained (Fig. 9) . 
Ship fittings
The document IACS URA2 -"Shipboard fittings and supporting hull structures associated with towing and mooring on conventional vessels" (IACS, 2007b) standardises guidelines for designing and manufacturing the deck components of mooring systems, as indicated below: "fittings and supporting structures used for the normal towing and mooring operations. Shipboard fittings mean those components limited to the following: bollards and bitts, fairleads, stand rollers, chocks used for the normal mooring of the vessel and the similar components used for the normal towing of the vessel".
ISO 3913 (1980) contains standards for mooring bitts (double bollards). In the case of fairleads, bend radius values of 10:1 are recommended for the Panama fairleads. As for the elements that withstand an elevated friction force, a bend radius value of 12:1 is advisable. A similar situation occurs with pedestal rollers, which have a bend radius value of 10:1 and a deflection no higher than 90 º (Schelfn and Östergaard, 1995; Villa, 2015).
Fenders
Fenders are devices used to prevent damage in vessels and/or berth structures with a dual function: (i) to absorb the impact energy during berthing and (ii) to reduce vessel motions during unloading operations by acting with a suitable line arrangement. Each combination of vessel, berth structure and berthing conditions has its own requirements. Ship size, berthing method, location, tidal range and water depth are among some of the factors that can influence which fender is chosen (Gaythwaite, 2004) .
When fenders are chosen, the basic parameter is the ratio between the force to be withstood by the berth structure and the energy to be absorbed by the fender, which is known as the fender factor. In general, an ideal fender absorbs a large amount of energy and transmits a low reactive load to the berth structure. In other words, it has a low fender factor (Liu and Burchart, 1999) . However, with surface-protection fenders and other cases, a high fender factor is advantageous (PIANC, 2002) .
The fender factor depends on the material, shape, dimensions and design of the fender. Several materials, such as wood, used tires and rubber cylinders, were commonly used in the past and are still used for small vessels. However, these solutions cannot satisfy the current requirements for large modern ships (Das et al., 2014) . State of the art fenders are made of rubber and polyurethane elastomers with excellent elastic properties and can be manufactured with repeatability (Galor, 2007) .
Even though a vast variety of fender types are found on the current market, modern systems can be classified into two groups: bucking and pneumatic fenders (Das et al., 2014 ). This division is according to how they absorb or dissipate kinetic energy from the ships. The former can deflect considerably under loading and return to their original shape after unloading, transforming kinetic energy into elastic work. Some fenders of this group are in direct contact with the ship, while others are equipped with a frontal panel that increases the contact area. As for pneumatic fenders, the pressure of the air confined in bags increases above its normal value by transforming kinetic energy into compression work. A representation of several types of current fenders is shown in Fig. 10 . To simplify the design procedure, a Quick Fender Selection Method (QFSM) was proposed by Das et al. (2014) , who obtained a "Ship-fender matrix" derived from application of QFSM to various ships in a terminal of Cochin Port (India). The method was also applied to the design of a safe mooring arrangement for Very Large Crude Carrier (VLCC) in a marine oil terminal .
During port operations, damage to fenders may have a serious impact on mooring facilities or berthing ships. Therefore, in the design stage, finite element methods (FEM) can be applied to model their complex material constitutive relationships and deformations. These methods can also define their crash responses with accuracy (Jiang and Gu, 2010). As a countermeasure to possible failures or damage, Sakakibara and Kubo (2007) proposed a monitoring system to check the loads on pneumatic-type fenders on site and alert to several critical conditions. The system can be extended to other types of fenders and port operations, such as ship-to-ship transfer operations and side-by-side moored ships.
Evolution of mooring systems
Mooring system/arrangement modification
In general terms, problems with berth operability associated with excessive ship motions can be mitigated in two different ways: by reducing wave action on ships or by modifying the ship mooring system's response. The first group includes 'hard solutions' involving changes in the port infrastructures. These may entail: reducing the wave reflection coefficient of the target berth (Uzaki et al., 2010) ; reducing the wave penetration by extending breakwaters (McComb et al., 2009) or reducing resonance by modifying the harbour layout (Bellotti, 2007) . The second group are seen as 'soft solutions' that, by modifying the mooring system, can be an effective and low-cost countermeasure (Sakakibara and Kubo, 2008a) .
As mentioned in Section 3, there are no general rules for defining the most suitable mooring system. Each particular case study requires a joint dynamic analysis of the berthed ship and its mooring system. Nonetheless, several studies analysed the mooring arrangement of different vessel types in ports all around the world. They proposed different solutions to improve operation safety and reduce downtimes. The main results of these works are summarised below.
Van der Molen et al. (2006) studied the response of a coal carrier to long waves in Tomakomai Port (Japan) through numerical modelling techniques. They found that the pretension of the lines is a very important parameter. This can be varied to avoid resonance with long waves by shifting the natural period of the mooring system from the predominant period of waves. Therefore, varying mooring line pre-tension can be a good solution for reducing the motions of moored ships in the presence of low-frequency oscillations. On the other hand, smaller motions are the result of increasing the pre-tension value, but line loads also increase.
By means of field observations and numerical modelling, Sakakibara and Kubo (2008a) investigated the excessive motions of a coal carrier in stormy weather. They proposed a mooring system with new characteristics to escape from the resonance between the natural periods of the moored ship and those of the long waves in the port basin. The solution involved modifying the mooring lines and fenders along with adding new mooring dolphins at the ship's bow and stern. It resulted in an effective countermeasure to restrain the low frequency motions of the ship.
In another work, Sakakibara and Kubo (2008b) evaluated the motions of moored oil tankers. They defined an 'asymmetrical parameter' as the ratio of spring constants between fenders and mooring lines and observed that the parameter clearly influences the subharmonic motions of the ships. Moreover, they found that harbour tranquillity can be enhanced when asymmetrical mooring systems are changed to symmetrical or weak asymmetrical ones. To achieve this, pneumatic type fenders were used to great effect. Yoneyama et al. (2009) presented an alternative that reduces low-frequency surge ship motions of a moored ship by preventing resonance with long waves. The method uses computer-controlled hybrid mooring winches to forcibly change the natural period of the mooring system. The effectiveness of this solution has been checked with field demonstration experiments in Japanes ports.
In Ahuja et al. (2010a) and Ahuja et al. (2010b) , a downtime assessment related to the Dahej LNG terminal in India is presented and the need for the construction of a breakwater discussed. After several studies, including numerical observations and field observations, the original idea of constructing the breakwater to improve downtime was discarded. As safety measures, the number of mooring lines was increased and constant tension, shore-based winches were used to establish safety measures for reducing the downtime for the ships at berth.
Rosa Santos et al. (2014) analysed different mooring arrangements to reduce moored ship motions and to improve operational and safety conditions at berth in the Leixões oil terminal (Portugal). The results of wave tank experiments showed that high friction fenders can increase tension mooring efficiency and reduce a moored ship's motions, especially in the vicinity of the system's natural periods of oscillation. However, varying the magnitude of pretension forces or the type of ship-fender interface makes a limited contribution to reducing moored ship motions under extreme conditions.
De Bont et al. (2010) carried out field measurements and numerical simulations at the Port of Shalah (Oman) to analyse the reduction in surge motions of moored containerships by MoorMasterTM units, a system composed of vacuum pads and hydraulics to secure and control the response of moored ships at berth developed by Cavotec (see next section). They found that MoorMaster™ units had a reducing affect on surge motions of moored ships. However, several parameters were not measured in the study and the results were not conclusive. More recently, Van der Molen et al. (2015) investigated alternatives to the mooring configuration of bulk carriers in Geraldton Harbour (Australia), including the deployment of twelve MoorMaster™ units. Although vacuum paddles reduced vessel motions, these motions exceeded the thresholds for maximum excursions of the arms for one of the analysed conditions. According to the results, the highest reduction in vessel motions can be obtained by installing a combination of pneumatic fenders and constant tension winches or nylon breast lines.
Finally, an innovative hydraulic mooring system called ShoreTension™ has been developed by the mooring company at the port of Rotterdam (KRVE, 2016). This system is situated on the quay side in between two bollards and automatically keeps mooring cables tense in severe conditions. While one end is fixed to the quay bollard, the ship line is connected to the moveable part of the system and a second quay bollard is used for guiding the ship line (Fig. 12) . The system was simulated with a dynamic analysis for a generalised Liquid Natural Gas (LNG) terminal under combined wind and wave conditions. Results showed that the motions of the moored vessel and the loads on mooring lines are significantly decreased with ShoreTension™ (Van der Burg, 2010). For thousands of years, the traditional mooring system with ropes remained unchanged. Nevertheless, changes are currently taking place, having a profound impact on basic mooring principles. These changes challenge time-honoured, traditional and recognised mooring system with ropes.
At present, novel mooring systems (NMS) present two options: a vacuum system and mooring by means of a mechanical arm. Undoubtedly the mooring principle of the first one turns out to be more innovative. At the same time, it is more practical for having eliminated the need to modify the side of the ship. Moreover, it provides greater flexibility to the alignment between ground devices and the ship (Table 7 ) (Villa, 2015; Villa, 2014).
In 1999, a mooring system called IronSailor was installed for the first time, the work of Mooring Systems Limited (MSL) (Villa, 2015). It was used on the Aretere, a 150-metre-long ferry built by HJ Barreras in Vigo (Spain). The automatic mooring system comprised four 20 tonne units, placed in pairs. There were two units at the bow of the ship and another two at the stern. Activated from the control bridge, the units would open up to attach themselves to a steel plate on the wharf (Fig. 13) . Currently specific facilities are no longer required on a ship; the devices found along the quays can be attached directly to the sides of most ships (Fig. 14) . The fact that its storage is retractable when it is not in use is a major advantage. This allows the device to remain behind the fender line to protect itself from impact during docking. When it is activated, the support structure of the device unfolds towards the exterior; mooring connection by vacuum is activated in few seconds Cavotec, 2013) . This mooring system by means of vacuum was designed to be compatible with most ships. It boasts a range of key characteristics, as indicated in Villa (2015):
• Operates in three directions.
• Accurately positions the ship.
• Manages loads; remote control possible by means of a real-time, computer network that records the information obtained (Villa, 2015).
A review of ship mooring systems López, M., Carral, L. 
Mooring line using HMPE
To achieve greater efficacy in mooring lines, marine industries have recently adopted high modulus polyethylene (HMPE) as a material. It has great advantages. Among these is its high resistance, similar to that of steel when diameter equality is taken into account. Another benefit is the relationship between resistance and weight, which is superior to that of any other natural or artificial fibre. Moreover, HMPE has low specific gravity so that even line buoyancy is possible (Wardenier, 2011), as seen in Table 8 . With mooring operations in which constant tension is involved, it is necessary to for the drum to keep the line in continuous action. Here the mooring winch plays an active part and, as a result, line wear is a major concern (Carral et al., 2016) . Along with all the other properties presented in Tables 8 and 9 , a new aspect to take into account is line durability. Crump et al. (2008) have determined that, after 1500 work cycles, the residual resistance of the line end is reduced to 50% of its initial value in the the tail and 30 % in the middle section of the main line. Therefore, it is recommended that the line is replaced once this number of work cycles has been reached. With these concerns in mind, operators have designed solutions to extend the line's service life (Crump et al., 2008) . The line can be rotated or its end can be cut when it has been severely grazed. Moreover, additional tails can be used at the end of the mooring line in the area withstanding the mechanical action of bits and fairleads. These additional lines could be made of the same material as the main line, or a traditional polyester or polypropylene rope can be used (Wardenier, 2011). Carral et al. (2016) outline the characteristics common to fairleads used in conjunction with this material. Several factors must be obtained. The fairleads must be manufactured to be robust. They must have the appropriate radius for the line contact surface. Moreover, their surface finish must be of such a high degree of quality that the effect of grazing is minimised (Fig.15) . Another key factor is the inalterability of the fairleads' surface over a period of time and in the face of harsh outdoor conditions. 
Operating mooring winches by means of permanent magnet engines
In industry, permanent magnet engines (PMM) are used when constant torque and high efficiency are important factors for changes in speed. At the same time, these engines are being used more in devices like lifts, where a reduced torque, as well as a lower noise and vibration level, are needed. In recent years, they have been perfected to offer a high degree of precision and reliability in applications involving a high transfer torque and low speed. One such case is the mooring winch. This innovative PMM technology in part makes it possible to dispense with reducers in numerous industrial sectors (Ikäheimo, 2002) .
When compared with an induction engine of equal power, permanent magnet engines have a notably longer service life. However, their volume is smaller by 47 %, resulting in a high torque / volume relationship, and their weight is nearly 36 % lower (Kverneland, 2008) . In terms of their efficiency, losses are 15-20 % lower than those caused by induction engines (Munz, 2014) . A summary of these advantages can be found in Table 10 . Table 11 compares this engine with its more conventional counterparts. Villa-Caro, R., Carral, J.C, Fraguela, J.A.
CONCLUSIONS
The term mooring has evolved. What once just referred to the system that secures the ship to the terminal can now also be applied to single point or multi-buoy mooring (MBM), floating production storage (FPSO) and the offloading of vessels or ship to ship transfers. A broader definition of mooring means that specialised fittings or gear is required. Therefore, widespread progress has been made in research and in their application, with the equipment itself and special fittings needed to adapt to these trends.
In this study, proposals have been made in relation to the principles of mooring. In these guidelines, the requirements -including angles, materials and length -of mooring lines were specified. Moreover, the properties required for the various components that make up the mooring system were outlined.
Also important for port operations are studies on reducing ship motions while the vessel is moored but in the presence of waves. These conditions have to be taken into account in the effort to improve the safety of moored vessels, as well as the design and efficiency of the harbour. The forces induced by wave action are compensated by the necessary elasticity of the spring mooring lines, fenders and other devices. Changes in the vessel's elevation are also a concern due to changes in its displacement or tidal range. Line length has to be adjusted so that these changes can be compensated.
Key data for defining mooring winches are provided in Table 6 . Other factors are included: the function that it is going to be carried out; tension or pull and the length of mooring rope that must be stored. By determining the tension or nominal pull, along with the physical characteristics of the material, one can obtain the value for the rope diameter and the nominal speed in accordance with ISO and MEG 3 guidelines. With all this information it is also possible to define drum dimensions, operation mode, reduction ratio, the winch power and brake dimensions.
Berth operability issues associated with excessive ship motions can be generally mitigated in two different ways. One is to reduce wave action on ships; the other is to modify the response of the ship's mooring system. The first option involves 'hard solutions' through changes in the port infrastructure. These may entail reducing one of three elements: the wave reflection coefficient of the target berth, wave penetration by extending the breakwaters or resonance by modifying the harbour layout. With the second options, there are 'soft solutions', through a modification of the mooring system. These can be an effective and lowcost countermeasure.
Regarding novel systems of mooring (NMS) two systems come into play: one based on a vacuum and another which employs a mechanical arm. The first is more innovative, yet practical; it eliminates the need to modify the shell side of the ship. Moreover, it facilitates the alignment between the device placed on the wharf and the ship (Table 7) .
If HMPE lines are used in the mooring operation based on constant tension, the line is continuously moved by the drum within mooring winches, and this movement leads to line wear. For this reason, certain properties (Table 8 and 9 ) must be considered, along with the additional concern of line durability.
The last topic explored in this study is related to the use of the permanent magnet motor in marine operations. In recent years, this type of motor has started to be used with anchor handling winches and other offshore applications. Lamas et al. (2016) are confident that the PMM will play an important role in to the operation of deck machinery.
